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We propose two experimental schemes to implement arbitrary unitary single qubit operations on
single photons encoded in time-bin qubits. Both schemes require fiber optics components that are
available with current technology.
Photons guided in optical fibers are natural candi-
dates to implement long distance quantum communica-
tion tasks such as quantum cryptography, quantum re-
peaters, testing Bell’s theorem and quantum teleporta-
tion [1, 2, 3, 4]. For these purposes, polarization might
seem to be an obvious way to encode qubits, but over long
distances, polarization mode dispersion (PMD) and ran-
dom birefringence fluctuations induce decoherence and
an irreversible loss of information. To overcome this
problem, time-bin coding has been proposed [5] and used
in a few recent quantum communication experiments
[6, 7, 8]. To generate a time-bin qubit, a single photon
pulse is split in two components using a variable coupler
(VC) which is the all-fiber equivalent of a variable beam-
splitter (see FIG. 1). Each component travels through
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FIG. 1: Experimental set-up to generate time-bin qubits.
Lines are optical fibers, VC is a variable coupler, PS is a
phase shifter and SW is an optical switch.
either the “short” or “long” arm of the interferometer
and then both are recombined into the same fiber using
an optical switch (SW). At the output, the single photon
is in a coherent superposition of being in two mutually
exclusive time-bins separated by ∆t: |ψ〉 = α|s〉+eiϕβ|l〉,
where |s〉 and |l〉 stand for “short” and “long”. By chang-
ing the coupling ratio of VC and the phase delay of the
phase shifter (PS), one can select any values for α and ϕ
(β being fixed by normalization). Time-bin coding has
been used to efficiently generate entanglement that is ro-
bust against PMD, random birefringence and chromatic
dispersion over 50 km of standard fiber [9, 10]. In what
follows, we will assume that we are working with wave-
lengths around λ ≈ 1.55 µm so that the loss is minimal
in standard single mode fiber.
The main difficulty with time-bin coding is that both
single qubit unitary operations and deterministic mea-
surements in arbitrary basis are not trivial to implement
[14]. Instead, most experiments use non-deterministic
operations with post-selection [6, 7, 8] and this inevitably
reduces the success rate and may also lead to a failure.
For example, completely deterministic quantum telepor-
tation of a time-bin qubit can not be achieved without
using deterministic single qubit operations to correct the
teleported state, as it has been done recently [8]. The
ubiquitous need for single qubit operations in quantum
communication and the lack of any general scheme to do
this are the motivations of our work. In this paper, we
propose two different experimental schemes to perform
arbitrary operations on time-bin qubits. Both schemes
are very simple to implement using technology that is
currently available.
All rotations of polarization qubits are easy to imple-
ment both in free-space and in optical fibers using wave-
plates or their all-fiber equivalent. The first scheme we
propose takes advantage of this by converting a time-bin
qubit to a polarization qubit to perform a polarization
rotation and then converting back to a time-bin qubit
thereafter. The gate is shown on FIG. 2. First, a sin-
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FIG. 2: Experimental layout of the time-bin gate using po-
larization. Lines are optical fibers, SW is an electro-optic
switch, PC is a polarization controller and PBSC is a polar-
ization beam splitter/combiner.
gle photon in a time-bin qubit state is incident from the
left. The input polarization, say horizontal (H), is chosen
to maximize the transmission through the fast interfer-
ometric electro-optic 1×2 switch (SW) that routes the
|s〉 and the |l〉 components to the lower and upper out-
put branches respectively. The polarization of the lower
branch is flipped to vertical (V) by a polarization con-
troller (PC) and it is also delayed by ∆t. This delay
synchronizes the |s〉 and |l〉 components at the inputs of
the polarizing beam splitter/combiner (PBSC). The lat-
ter reflects and transmits V and H polarizations, hence,
the time-bin qubit is converted to a single-rail polariza-
tion qubit according to |s〉 → |V 〉 and |l〉 → |H〉. Then,
the output of the PBSC is fed into an all-fiber polariza-
tion controller that transforms any polarization to any
other with negligible loss. After the rotation, the polar-
2ization qubit is converted back to an H polarized time-bin
qubit using the inverse of the operation done in the first
section. Therefore, this gate can implement all unitary
operations on a single time-bin qubit.
The switches are the only active components. The
faster the switching speed, the smaller is the required
separation between the |s〉 and |l〉 components, thus, the
smaller is the required path length difference cn∆t, where
n is the effective refraction index of the fiber. With cur-
rent technology, electro-optic material allows for switch-
ing speeds of at least 10 GHz, hence, the path length
difference can be set at about 2 cm or less in standard
single mode fiber. This is crucial since the relative phase
between the branches has to be stabilized in tempera-
ture. In this case, a path length difference of 2 cm with
1 m long arms would require the temperature to be stable
within 1 tenth of a degree Kelvin at room temperature,
which is not difficult to achieve in the laboratory. The
two PBSC can be fabricated with fused fiber couplers and
therefore are practically lossless [11]. The major limiting
factor is the insertion loss of the switches caused by the
mode mismatch between the fiber core and the waveguide
of the switch. This loss can be lowered down to about
1.5 dB for a total of 3 dB.
The second scheme we propose works by converting
the time-bin qubit to a dual-rail qubit for processing [12].
The gate is pictured in FIG. 3 and works as follows. A
time-bin qubit is incident on a 1×2 optical switch (SW)
that routes the |s〉 and the |l〉 components to the upper
and lower branches respectively. Next, the upper branch
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FIG. 3: Experimental layout of the time-bin gate using dual-
rail representation. Lines are optical fibers, SW is an electro-
optic switch, PS is a phase shifter and VC is a variable coupler
(beam splitter).
is delayed by ∆t to synchronize |s〉 with |l〉 and conse-
quently, the photon is converted to the dual-rail qubit
basis: |s〉 → |1〉u|0〉l and |l〉 → |0〉u|1〉l, where the la-
bels u and l stand for the upper and lower branches re-
spectively. The two components of the single photon in-
terfere classically at the variable coupler (VC) set to a
specific coupling ratio to implement a given gate. This,
supplemented with two phase shifters (PS) on the up-
per branch, can implement any unitary operation on the
dual-rail qubit. The remaining part of the gate converts
the dual-rail qubit back to a single-rail time-bin qubit.
The switches are the only active components so the
speed and temperature requirements are the same as the
other scheme. Moreover, stable and precise phase shifters
can be made lossless using piezoactuators glued on the
fiber. A lossless variable coupler can also be implemented
by applying stress on an all-fiber 50/50 coupler to select
the coupling ratio [13]. Therefore, the only important
sources of loss are the switches and again, it can be low-
ered down to about 3 dB in total.
We have proposed two experimental schemes to im-
plement arbitrary unitary operations on single time-bin
qubits using fiber optics components available with cur-
rent technology. Future directions include experimental
realization of the propositions and generalization to op-
erations on time-bin qutrits and qudits.
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